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with the -Si plants. The values of A, g s , and E were lower upon inoculation of -Si plants in contrast to inoculated +Si plants with decreases of 31 and 60% for A, 34 and 61% for g s , and 27 and 57% for E, respectively, at 4 and 8 dai. For the noninoculated plants, there was no significant difference between the -Si and +Si treatments for the values of A, g s , and E. The C i /C a ratio was similar between the -Si and +Si treatments, regardless of the pathogen inoculation. The activities of SOD, CAT, APX, and GR tended to be higher in the +Si plants compared with the -Si plants upon inoculation with C. sublineolum. The EL significantly increased for -Si plants compared with +Si plants. The MDA concentration significantly increased by 31 and 38% at 4 and 8 dai, respectively, for the -Si plants compared with the +Si plants. Based on these results, Si may have a positive effect on sorghum physiology when infected by C. sublineolum through the maintenance of carbon fixation and also by enhancing the antioxidant system, which resulted in an increase in reactive oxygen species scavenging and, ultimately, reduced damage to the cell membranes.
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Anthracnose, caused by Colletotrichum sublineolum P. Hen, Kabát & Bubák (43, 46) , is the most destructive fungal disease of sorghum (Sorghum bicolor [L.] Moench), especially in warm and humid regions worldwide (1) . On leaves, the symptoms of anthracnose appear as small circular-elliptical, tan to orange-red to black lesions, especially in the midvein. The lesion size and color are strictly associated with the sorghum genotype (49) . Expanded lesions are usually tan in the center, with a distinct reddish purple to brown border (49) . Under high humidity, the lesions increase in number, and they cover most of the leaf area when coalescing, resulting in early water deficiency (13) . Acervuli with many conidia with dark setae interspersed among them are formed in the center of these tan lesions (1) . Complete shoot destruction and yield failure are usually observed in susceptible cultivars under environmental conditions that are favorable for disease development (18) .
Plants respond to pathogen infections by activating several mechanisms of defense that redirect large fluxes of carbon derivatives from primary metabolism to secondary metabolism (10) . Several studies have shown that the infection by pathogens causes a decrease in photosynthetic rates that is usually associated with direct damage to the photosynthetic apparatus (7, 8, 14) and can result in an increase in excitation energy that exceeds the amount required for photosynthetic metabolism (4). When not properly dissipated, this excess energy can lead to the production of reactive oxygen species (ROS) (3, 31) , most commonly, superoxide (O 2 -), hydroxyl radical (OH), hydrogen peroxide (H 2 O 2 ), and singlet oxygen ( 1 O 2 ) (3). If not quickly scavenged, these ROS can react with unsaturated fatty acids located in the plasma membrane, organellar membranes, and endomembranes, causing lipid peroxidation (39) . ROS also can damage the photosynthetic pigments, proteins, and nucleic acids (34) . To control the concentrations of ROS and reduce their cytotoxicity, plants have developed a protective antioxidant system that includes small molecules, such as ascorbate, glutathione, flavonoids, and carotenoids, and several antioxidant enzymes (33) . The most important antioxidant enzymes involved in this process are superoxide dismutase (SOD), which catalyzes the dismutation of O 2 -to H 2 O 2 , catalase (CAT), which converts H 2 O 2 to H 2 O and O 2 , and the enzymes of the ascorbate-glutathione cycle, such as ascorbate peroxidase (APX), which reduce H 2 O 2 using ascorbate as the electron donor (33). The oxidized ascorbate is then reduced by reduced glutathione, which is produced from oxidized glutathione, as catalyzed by glutathione reductase (GR) with the consumption of nicotinamide adenine dinucleotide phosphateoxidase (NADPH) (3).
Although silicon (Si) is not recognized as an essential element for plants, its beneficial effect on plant growth and the resistance to plant diseases is very well documented (15) . Application of soluble sources of Si to Si-deficient soils is a practice that ideally fits in with environmental friendly strategies for sustainable crop production mainly because of the reduction on fungicides spray besides the low cost compared with lime application (15) . This element also plays a pivotal role in reducing the damage caused by various types of abiotic stresses in a wide range of plant species (30) . However, the role of Si in plant biology is not well understood and attempts to associate the effect of this element with metabolic or physiological activities have been inconclusive thus far. Some studies have reported the association of Si with antioxidant metabolism in plants under abiotic stress. In wheat plants supplied with Si under flooded conditions, the activities of SOD and APX did not increase, whereas the activities of POX and CAT were dramatically reduced (21) . Cucumber plants grown under salt stress and supplied with Si showed an increase in the activities of SOD, APX, and GR, whereas the CAT activity remained unaltered (51) . Similar results were observed in barley plants supplied with Si under salt stress (25) . However, more indepth studies are needed to better understand the effects of Si on the physiology of plants under biotic stress.
Because research demonstrating the effect of Si on the antioxidative metabolism of sorghum plants infected with C. sublineolum is, to the best of our knowledge, lacking in the literature, the purpose of this study was to determine the effect of Si on the leaf gas exchange and the antioxidative system in sorghum plants when infected by C. sublineolum. (29) . Silicon was applied at 2 mM while nonamended Si (0 mM) served as the control. The addition of monosilicic acid to the nutrient solution did not alter the pH.
MATERIALS AND METHODS

Nutrient
Plant growth. Seeds from the sorghum line CMSXS142 (BR 009 [Tx623] -Texas), an anthracnose-susceptible line, were surface-sterilized in 10% (vol/vol) NaOCl for 2 min, rinsed in sterilized water for 3 min, and germinated on distilled watersoaked germitest paper (Fisher Scientific Co., Pittsburgh, PA) in a germination chamber at 25°C for 6 days. The germinated seedlings were transferred to plastic pots with one-half strength of the nutrient solution without Si for 7 days. Subsequently, five plants were transferred to new plastic pots containing 5 liters of nutrient solution prepared with or without Si. The aerated nutrient solution was changed every 4 days, and the electrical conductivity and pH of the nutrient solutions were measured daily. The pH was maintained at approximately 5.5 by adding NaOH or HCl (1 M) when necessary. The plants were grown in a greenhouse with a relative humidity of 65 ± 5%, temperature of 30 ± 5°C, and natural irradiance of 900 ± 15 µmol photons m -2 s -1
, as measured at midday.
Inoculation procedure. A pathogenic isolate of C. sublineolum (CNPMS-12) (38) was used to inoculate the plants. This isolate was maintained in glass vials containing potato-dextrose agar (PDA) covered with mineral oil at 4°C. Pieces of the PDA containing fungal mycelia were transferred to Petri dishes containing oat medium (16) . After 3 days, oat medium plugs containing fungal mycelia were transferred to new Petri dishes, which were incubated in a growth chamber at 25°C with a 12 h photoperiod for 10 days. After this time period, the mycelia were carefully removed from the Petri dishes using a rubber policeman, and the Petri dishes were returned to the growth chamber at 25°C under continuous light to obtain the conidia. The plants were inoculated with a conidial suspension of C. sublineolum (1 × 10 6 conidia ml -1 ) at 30 days after emergence (growth stage 30) (18) . A total of 20 ml of suspension was applied as a fine mist to the adaxial leaf blades of each plant until runoff using a VL Airbrush atomizer (Paasche Airbrush Co., Chicago, IL). Immediately after inoculation, the plants were transferred to a mist chamber at 25 ± 2°C and a relative humidity of 90 ± 2% and kept in the dark for 18 h. After this period, the plants were transferred to a greenhouse (temperature of 26 ± 2°C, relative humidity of 80 ± 5%) where they remained for the duration of the experiments.
Evaluation of anthracnose severity. The severity was assessed at 2, 4, 6, 8, and 10 days after inoculation (dai) on the fourth and fifth leaves from the top of each plant using the diagrammatic scale proposed by Sharma (42) . The area under anthracnose progress curve (AUAPC) for each leaf on each plant was computed using the trapezoidal integration of the anthracnose progress curve over time, using the formula proposed by Shaner and Finney (41) .
Leaf gas exchange evaluation. The net carbon assimilation rate (A), stomatal conductance to water vapor (g s ), internal-toambient CO 2 concentration ratio (C i /C a ), and transpiration rate (E) were measured for the fourth and fifth leaves from the top of each plant per replication of the treatments. The measurements were conducted at approximately 8 and 12 h with an infrared gas analyzer (LC pro + , Analytical Development Company, Hoddesdon, UK). The mean leaf temperature was 35°C during the photosynthetic measurements.
Physiological and biochemical assays. Samples from the fourth and fifth leaves from the top of each plant per replication and treatment were collected at 4 and 8 dai at approximately 12 h. Leaf samples collected from noninoculated plants served as the controls (0 dai). The leaf samples were kept in liquid nitrogen during the sampling and then stored at -80°C until the analysis.
Determination of enzymes activities. For the determination of the activities of superoxide dismutase (SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), ascorbate peroxidase (APX, EC 1.11.1.11), and glutathione reductase (GR, EC 1.8.1.7), a total of 200 mg of leaf tissue was ground into a fine powder in a mortar and pestle with liquid nitrogen. The fine powder was homogenized in an ice bath with 60 mg of polyvinylpolypyrrolidone (PVPP) and the following: for SOD, 1 ml of 100 mM potassium phosphate buffer (pH 7.8), 0.1 mM ethylenediaminetetraacetic acid (EDTA), and 0.1%, vol/vol, Triton X-100; for CAT, 1 ml of 100 mM potassium phosphate buffer (pH 7.0) and 0.1 mM EDTA; for APX, 1 ml of 50 mM potassium phosphate buffer (pH 7.0) and 1 mM ascorbate; and, for GR, 1 ml of 100 mM Tris-HCl (pH 7.5), 50 mM EDTA, 10 mM isoascorbate, 9 mM 2-mercaptoethanol, and 0.1% (vol/vol) Triton X-100. The homogenates were centrifuged at 15,000 × g for 15 min at 4°C, and the supernatants were used as crude enzyme extracts. The SOD activity was determined by measuring its ability to photochemically reduce pnitrotetrazol blue (NTB) (20) . The reaction was started after the addition of 5 µl of the crude enzyme extract to 3 ml of a mixture containing 50 mM potassium phosphate buffer (pH 7.8), 14 mM methionine, 75 µM NTB, 0.1 µM EDTA, and 2 µM riboflavin. The production of formazan blue, resulting from the photoreduction of NTB, was monitored by the increase in absorbance at 560 nm (20) . One unit of SOD was defined as the amount of enzyme necessary to inhibit NTB photoreduction by 50%. The CAT activity was estimated by the rate of H 2 O 2 decomposition at 240 nm (22) . The reaction was initiated after the addition of 20 µl of the crude enzyme extract to 3 ml of a mixture containing 50 mM potassium phosphate buffer (pH 7.8) and 12.5 mM H 2 O 2 . For APX, the reaction was started after adding 20 µl of the crude enzyme extract to 3 ml of a mixture containing 50 mM potassium phosphate buffer (pH 7.0), 0.5 mM ascorbate, and 0.1 mM H 2 O 2 . The APX activity was determined by the rate of ascorbate oxidation at 290 nm (35) . The GR activity was determined by the rate of NADPH oxidation at 340 nm. The reaction was initiated after adding 20 µl of the crude enzyme extract to a mixture containing 50 mM Tris-HCl (pH 7.5), 10 mM reduced glutathione, 3 mM MgCl 2 , and 0.15 mM NADPH.
For each enzyme, six separate extractions were performed using samples from each treatment, and each reaction was performed three times. The soluble protein contents of the extracts were measured using the method of Bradford (11) .
Electrolyte leakage (EL) assay. A total of 200 mg of leaf tissue was used for the EL assay, which was determined according to the methodology of Lima et al. (27) , with few modifications. The leaf tissue was thoroughly washed in deionized sterile water and then left to float on 60 ml of deionized water in sealed glass vials for 4 h at 25°C. After this period, the first value of conductivity (reading one) was obtained using a conductivity meter (Tecnopon mCA-150, MS Tecnopon Instrumentação Científica, São Paulo, Brazil). Next, the vials were transferred to an oven for 2 h at 90°C to obtain a new value for conductivity (reading two). The EL, in percentage, was obtained by dividing the value of reading one by the value of reading two.
Hydrogen peroxide (H 2 O 2 ) assay. A total of 200 mg of leaf tissue was ground into a fine powder using a pestle and mortar with liquid nitrogen. The fine powder was homogenized in an ice bath in 2 ml of 50 mM potassium phosphate buffer (pH 6.5) containing 1 mM hydroxylamine. The homogenate was centrifuged at 10,000 × g for 15 min at 4°C (24) , and the supernatant was used to determine the H 2 O 2 . The reaction was initiated after adding 50 µl of the supernatant to a mixture containing sulfuric acid, ammonium ferrous sulfate, xylenol orange, and sorbitol in a total volume of 2 ml (19) . The samples were kept in the dark for 30 min, and the absorbance was recorded at 560 nm. Control samples (blank) for the color of the reagents and for the sample extracts were prepared concurrently with the test samples and subtracted from the absorbance of each sample.
Lipid peroxidation assay. Oxidative damage to lipids was estimated as the content of the total 2-thiobarbituric acid (TBA)-reactive substances and expressed as equivalents of malondialdehyde (MDA), according to Cakmak and Horst (12) , with few modifications. Briefly, a total of 200 mg of leaf tissue was homogenized in 2 ml of 0.1% (wt/vol) trichloroacetic acid (TCA) solution at 4°C. After centrifugation at 10,000 × g for 15 min, 0.5 ml of the supernatant was reacted with 1.5 ml of TBA (0.5% in 20% TCA) for 20 min in a boiling water bath. After this period, the reaction was stopped by immersion in an ice bath. The samples were centrifuged at 13,000 × g for 4 min, and the absorbance of the supernatant was recorded at 532 nm. The concentration of MDA formed in each sample was calculated by using the extinction coefficient of 155 mM -1 cm -1 . Experimental design and data analysis. Two experiments consisting of two Si concentrations (0 and 2 mM, hereafter referred to as the -Si and +Si treatments, respectively) were arranged in a completely randomized design, with ten replications for the leaf gas exchange measurements and six replications for the evaluation of the anthracnose severity and to obtain samples for the EL and biochemical assays. Each experimental unit consisted of one plastic container with 5 liters of nutrient solution and five plants. Data for each variable were pooled based on Bartlett's test. This test was used to verify if the replications from the two experiments were from populations with equal variances. Equal variances across samples are denominated homogeneity of variances. Some statistical tests, for example the analysis of variance (ANOVA), assume that variances are equal across groups or samples and Bartlett's test can be used to verify that assumption. Data were analyzed by ANOVA, and the treatment mean comparisons were analyzed using Student's t test (P ≤ 0.05) with SAS (SAS Institute, Inc., 1989, Cary, NC). The Pearson linear correlation technique was used for examining the relationships among the leaf gas exchange parameters and disease severity.
RESULTS
Anthracnose severity and AUAPC. The anthracnose severity on the leaves of the -Si-treated plants increased over time, reaching 90% at 10 dai (Fig. 1A) . For the +Si-treated plants, the anthracnose progress was slow, and the severity was only 15% at 10 dai (Fig. 1A) . For the +Si plants, the AUAPC was reduced by 86% compared with the -Si plants (Fig. 1B) .
Leaf gas exchange. For the evaluations performed at both 8 and 12 h, the A, g s , and E values were lower on the -Si plants inoculated with C. sublineolum compared with the values obtained for the inoculated +Si plants at both 4 and 8 dai (Fig. 2) . The decreases at 4 and 8 dai were, respectively, 31 and 60% for A, 34 and 61% for g s , and 27 and 57% for E. For the noninoculated plants, there was no significant difference between the -Si and +Si treatments for the values of A, g s , and E. Furthermore, there was only significant difference for the C i /C a ratio for the -Si and +Si treatments at 12:00 h, regardless of the pathogen inoculation (Fig. 2) . The correlation between the severity and g s was negatively significant for the +Si plants ( Table 1) . As expected, the greatest g s values for the +Si plants resulted in higher E values (Fig. 2) , a finding that was also verified by the positive correlation between g s and E ( Table 1 ). The A parameter was negatively correlated with the disease severity and was positively correlated with the g s parameter (Table 1) .
Enzymes activities. Overall, the enzyme activities tended to be higher for the +Si plants when compared with the -Si plants after infection by C. sublineolum. Significant increases were found for SOD (99% at 4 dai; Fig. 3A ), APX (33% at 4 dai; Fig. 3B ), CAT (138 and 101% at 4 and 8 dai, respectively; Fig. 3C ) and GR (75% at 8 dai; Fig. 3D) .
EL, H 2 O 2 , and lipid peroxidation. The EL significantly increased by 47% (4 dai) and 26% (8 dai) on the leaves of the -Si plants compared with the leaves of the +Si plants (Fig. 4A) . At 8 dai, the H 2 O 2 concentration was significantly higher in the leaves of the -Si plants compared with the +Si plants (Fig. 4B) . The MDA concentration significantly increased by 31 and 38% at 4 and 8 dai, respectively, for the -Si plants compared with the +Si plants (Fig. 4C) .
DISCUSSION
Although the potential of Si to reduce the symptoms of anthracnose in sorghum has been reported by Resende et al. (38) , the mechanisms involved currently remain elusive. Decreases in photosynthesis caused by pathogen infections have been well documented for several plant species (8, 14, 40) . In the present study, the values for the A, g s , and E were reduced in the leaves of the -Si plants, which showed a greater anthracnose severity and, consequently, a higher AUAPC compared with the +Si plants. These results are corroborated by the negative correlations between anthracnose severity and A, g s , and E parameters. It is known that one of the typical symptoms of anthracnose is the desiccation of the sorghum leaves (36) ; to avoid excessive water loss, the stomata of diseased leaves are closed to maintain a favorable water status, ultimately leading to a decrease in E. Indeed, decreases in the E parameter are usually observed for leaf tissues infected with pathogens that cause stomatal closure, colonize the intercellular spaces, and sporulate via the stomata (17, 45) .
In addition to the observed reduction in the g s value in the -Si plants, the reduction in the E value may also have been the result of the massive colonization of the mesophyll cells by C. sublineolum, resulting in the wilting or substantial drying of the infected leaves. Bassanezi (5,6) observed a decrease in the E Fig. 2 . The net carbon assimilation rate (A), stomatal conductance to water vapor (g s ), internal to ambient CO 2 concentration ratio (C i /C a ), and transpiration rate (E) determined at 8 h (A, B, C, and D) and 12 h (E, F, G, and H) for the leaves of sorghum plants grown in hydroponic culture containing 0 mM (-Si) or 2 mM (+Si) silicon and noninoculated (NI) or inoculated (I) with Colletotrichum sublineolum. The means for the -Si and +Si treatments followed by an asterisk (*) for each evaluation time are significantly different according to the Student's t test (P ≤ 0.05). The error bars represent the standard error of the mean (n = 20). parameter of common bean leaves with anthracnose due to stomatal closure and noted that reductions in g s were associated with lower C i values, suggesting that stomatal constraints were the main limiting factors for CO 2 assimilation in the diseased leaves. In the present study, however, despite the positive correlation between A and g s , which may suggest stomatal limitations for photosynthesis, the A parameter was positively correlated with the C i /C a ratio. Therefore, nonstomatal limitations of the photosynthetic machinery could also be associated with the lower values of A, particularly for the -Si plants.
Even though the anthracnose severity was low from 4 to 6 dai, a dramatic reduction in the value of A was noted, indicating that the sorghum physiology was impaired due to the C. sublineolum infection, even under a low disease severity. In addition to procuring carbohydrates and nutrients from healthy tissues, this pathogen secretes nonspecific toxins and lytic enzymes that may diffuse into the leaf tissues that are not yet colonized by the fungus (13) . Taken together, this information may explain why the leaf area affected by the pathogen is much greater than the area that is actually colonized (8) . Similarly, Meyer et al. (32) reported that C. lindemuthianum caused stomatal closure in the green areas of bean leaves that were apparently healthy, reducing the photosynthesis of the entire leaf even under a lower disease severity.
Considering that carbon fixation, the usual main sink for the absorbed light in the chloroplasts, was slightly reduced, particularly in the -Si plants infected with C. sublineolum, the resulting surplus excitation energy must be dissipated to avoid photooxidative damage to the leaf tissues. Indeed, the photosynthetic reduction of O 2 , via photorespiration and the Mehler-peroxidase pathway, has been proposed to provide photoprotection by acting as a sink for excitation energy in the photosynthetic apparatus (50) . However, this leads to the production of ROS, especially superoxide and H 2 O 2 (9, 44) . Therefore, increases in the capacity of the antioxidant system are required to scavenge the ROS, as was observed in the +Si sorghum plants but not in their -Si counterparts after C. sublineolum infection. In +Si plants, there were increases in the activity of SOD, which catalyses the dismutation of superoxide, producing O 2 and H 2 O 2 . It should be noted that Si is not capable to induce ROS by itself. It is known that Si expresses its potential in the presence of biotic stress (ex. pathogen infection) and it is not toxic to either plants or pathogens (15) . Thus, a higher SOD activity could have accounted for the protection against oxidative stress in the leaves of the plants supplied with Si. In any case, the expected higher production of H 2 O 2 with an increasing SOD activity should be coupled with the rapid removal of H 2 O 2 by other scavenging systems, thus minimizing the H 2 O 2 and hydroxyl radical cytotoxicity (37) . In fact, increases in the activities of CAT, APX, and GR were observed, which may have been translated into the effective removal of H 2 O 2 from the infected leaf tissues. Therefore, based on the data from the present study, the antioxidant system of the +Si plants probably functioned at increased rates to prevent the accumulation of ROS, ultimately resulting in a lower EE and MDA concentrations in these plants during C. sublineolum infection. In contrast, the higher H 2 O 2 concentration (and probable rise in other ROS) during the infectious process of C. sublineolum in the -Si plants was not accompanied by an increased antioxidant capacity and resulted in photooxidative damage, as evidenced by the considerable increase in the MDA concentration. Such an increase in photooxidation may result in the decreased membrane integrity that may have led to the enhanced EE, as suggested by Lima et al. (27) . It must also be emphasized that these damages would have further contributed to the impaired carbon fixation in the -Si plants.
In addition to the role of Si in enhancing the activities of the detoxifying enzymes involved in ROS removal, the complexation of both Fe(III) and Fe(II) with tannins and proanthocyanidins may prevent the generation of highly toxic hydroxyl radicals (2, 47) . Notably, 3-deoxianthocyanidin, a phytoalexin belonging to the flavonoid class, is synthesized at high amounts in sorghum leaves as a defense mechanism against C. sublineolum infection (28) . Despite the absence of available information linking the effect of Si with the production of 3-deoxianthocyanidin, it is plausible to speculate that Si might have an additional role in reinforcing the antioxidant system of diseased plants via an increased 3-deoxianthocyanidin concentration, so that the cellular damage caused by C. sublineolum infection may be properly halted.
The increases in lipid peroxidation observed in the present study are in agreement with the results from other studies. Von Gönner et al. (48) reported increased lipid peroxidation during the early colonization phase of oat leaf tissues by the necrotrophic fungi, Drechslera avenae and D. siccans, which use ROS to destroy the leaf cells, leading to necrosis. In the present study, the lower severity of anthracnose for plants supplied with Si was the result of a lower colonization of the leaf tissues by C. sublineolum in association with reduced damage to the integrity of the cell membranes. It should be noted that Si plays an important role in maintaining the integrity of the cell membranes of plants exposed to different abiotic stresses, as has been observed for barley plants supplied with Si and under salt stress, which displayed reduced EL and lower MDA concentrations (25, 26) .
In conclusion, the results of this study clearly demonstrated that Si can affect the physiology of sorghum plants, particularly when the plants are infected with C. sublineolum. It was found that the mechanism acted through the maintenance of carbon fixation, in addition to the enhancement of the antioxidant system, which resulted in increased ROS scavenging and, ultimately, reduced damage to cell membranes. Nevertheless, yet unknown mechanisms by which Si may afford protection against C. sublineolum infection should also be taken into account; thus, further research is merited. 
